ABSTRACT. This paper reports a brief review of the research activities on fracture mechanics of nickel-titanium based shape memory alloys carried out at University of Calabria. In fact, this class of metallic alloys show a unusual fracture response due to the reversible stress-induced and thermally phase transition mechanisms occurring in the crack tip region as a consequence of the highly localized stresses. The paper illustrates the main results concerning numerical, analytical and experimental research activities carried out by using commercial NiTi based pseudoelastic alloys. Furthermore, the effect of several thermo-mechanical loading conditions on the fracture properties of NiTi alloys are illustrated.
INTRODUCTION
ickel-Titanium alloys (NiTi) are the most useful shape memory alloys, because they combine high recovery capabilities with good mechanical performances and biocompatibility. These alloys are also known as Nitinol, which stands for Nickel Titanium Naval Ordnance Laboratory (White Oak, Maryland), where in 1961 their shape memory capabilities were discovered. After their discovery NiTi alloys have attracted the interest of the scientific and engineering community due to their unique properties, namely pseudoelastic effect (PE) and shape memory effect (SME). These functional properties are due to a reversible solid state phase transformation between a parent phase (B2 -austenite) and a product phase (B19' -martensite), the so called thermoelastic martensitic transformation (TMT), which can be activated either by temperature (thermally-induced martensitic transformation, TIM) or by applied stress (stressinduced martensitic transformation, SIM) [1] . As a result of these microstructural changes, NiTi alloys are able to recover high values of mechanical deformations (up to 12%), by either heating the material above the characteristic transition temperatures (SME) or by removing the mechanical load (PE). However, due to their unique microstructural evolutions elastic and elastic plastic theories cannot be applied to study the mechanical response of NiTi alloys and, consequently, adhoc models should be developed which take into account the thermally-induced and/or stress induced transformations. In particular, it is widely accepted by the scientific community that crack formation and propagation are significantly affected by the phase transitions mechanisms and, consequently, NiTi alloys exhibit unusual fatigue and fracture responses with respect to common metals. This topic is of great technological and scientific interest as demonstrated by several recent experimental studies, which have been aimed to evaluate the evolution of cracks under both static [2] [3] [4] [5] [6] [7] [8] and cyclic loading conditions [9] [10] [11] [12] . Furthermore, several numerical studies have been carried out, by using standard finite element codes and plasticity concepts [13] [14] [15] as well as by special constitutive models for SMAs [16] [17] . Finally, some analytical models have been proposed recently [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , which are mainly based on modified linear elastic fracture mechanics concepts. In the present paper a review of the research activities on fracture mechanics of NiTi alloys, carried out at the Department of Mechanical Engineering at University of Calabria (Italy), is illustrated. The stress-induced martensitic transformation occurring in the crack-tip region, as a consequence of the high values of local stresses, and the resulting stress distribution N have been analyzed by numerical simulations [15] , analytical modeling [23] [24] [25] [26] and experimental measurements [7] [8] . In particular, Finite Element (FE) simulations have been carried out, by using commercial software codes and standard nonlinear plasticity analyses, i.e. by modeling the monotonic stress-strain of SMAs as a plastic-like behavior. Preliminary FE studies have been carried out in [15] , where Single Edge Crack specimens (SEC) have been analyzed by two-dimensional plane stress FE analyses. In this study the crack tip transformation mechanisms have been analyzed together with their effects on the stress distribution. In addition, a first attempt to model these phase transition mechanisms by modified Linear Elastic Fracture Mechanics (LEFM) concepts is illustrated. Subsequently, an analytical model has been proposed in [23] based on the Irwin's correction of LEFM [28] which allows to simulate both the stress-induced crack-tip transformation region and the resulting stress distribution under plane stress conditions. In addition, numerical simulations have been carried out by considering a central crack in a plate subjected to mode I loading conditions; systematic comparison between numerical and analytical results have been carried out and good agreements have been observed. Finally, the effects of thermo-mechanical parameters and loading conditions have been analyzed. The model has been subsequently updated in [24] to analyze both plane stress and plane strain conditions, by considering a tri-axial constraint factor for phase transition mechanisms. Furthermore, the model prediction have been compared with experimental literature data [5] concerning synchrotron X-ray microdiffraction experiments of miniature CT specimens. The reference analytical model has been also used to define possible fracture control parameters for SMAs in [25] based on the definition of Stress Intensity Factor in LEFM. Finally, the reference model has been recently modified in [26] to overcome one of the basic limitation, i.e. the assumption of constant stress transformation. In particular, the stress-strain response is modeled as a tri-linear material with a generic slope of the transformation plateau. Experimental tests have been carried out in [7] for a comparative study between base and laser welded materials, by using SEC specimens obtained from a commercial pseudoelastic NiTi sheet (Type S, Memry, USA). However only the notch strength was calculated for the comparative analysis, and no further considerations have been made about the complex fracture mechanisms in SMAs. More recently the effects of temperature, within the stress-induced transformation regime, in SEC specimens have been analyzed [8] , by experimental measurements and analytical studies. The tests were carried out at different values of the testing temperature the critical values of the stress intensity factor were computed, based on LEFM theory on the reference analytical model [25] . 
FRACTURE MECHANICS OF SMAS: BASIC FEATURES
he high values of local stresses in the crack tip region of pseudoelastic NiTi alloys cause a stress-induced martensitic transformation and, consequently, marked differences are observed with respect to common linear elastic or elastic plastic materials as schematically shown in Fig. 1 . In fact, due to this microstructural evolution 
NUMERICAL MODELING
he crack tip stress distribution and transformation region in pseudoelastic SMAs have been studied by Finite Element (FE) simulations carried out by using commercial software codes and standard non-linear plasticity analyses. In fact, monotonic loads to fracture are generally applied to specimens for toughness measurements and, consequently, the stress-strain hysteretic behavior, observed during loading-unloading cycles, is not taken into account. Due to this reason the monotonic nonlinear behavior of SMAs is treated as a plastic-like response. Preliminary FE studies have been carried out in [15] , where Single Edge Crack specimens (SEC) have been analyzed by two-dimensional plane stress FE analyses, carried out with the commercial finite element code MSC Marc ® . The geometry of the SEC specimen is illustrated in Fig. 2a , while the corresponding FE model is illustrated in Fig. 2b together with an highlight of the crack tip. Particularly fine mesh has been adopted to model the crack tip region in order to describe the high stress gradient as well as for an accurate prediction of the non-linear stress distribution due to the stress induced transformation mechanisms (A→ M). . The figure shows that both M r and A r decrease with increasing the temperature T ; resulting in an overall reduction of the transformation zone. These preliminary results have been confirmed by subsequent numerical simulations carried out in [23] and in [8] where systematic comparison with the estimates of a novel analytical approach have been carried out, as illustrated in the following section. 
ANALYTICAL MODELING
novel analytical approach has been developed recently [23] , which is based on a modified Irwin's correction [28] of Linear Elastic Fracture Mechanics (LEFM). In particular, the model allows to describe the crack tip stress distribution and transformation region in pseudoelastic NiTi alloys under plane stress conditions. The model has been subsequently improved in [24] to describe both plane stress and plane strain conditions while in [25] two fracture control parameters have been proposed, based on modified Stress Intensity Factors (SIF). Finally, a new version of the model has been developed in [26] to overcome a limitation of the reference model, i.e. the assumption of constant stress transformation. For the sake of completeness and readability the basic expression of the stress components and of the transformation radii, M r and A r , are given in the following but complete and detailed descriptions of the model are reported in the reference papers [23] [24] . Eq. 3 gives the expression of the principal stress components along the plane of the crack ( 0   ), in the austenitic region:
The 
where the distance Δr is given by:
with * 1 2
where AM  is the direct A→ M transformation stress and it is assumed to be constant (
regarded as a transformation constraint factor, i.e. it is defined based on the plastic constraint factor in LEFM [29] , and varies in the range between 1 and   1 1 2   , with the lower and upper bounds corresponding to the plane stress and plane strain conditions, respectively. The stress distribution in the martensitic region can be obtained by modified relations for bilinear materials and it is given by the following equation:
where  represents the Young's modulus ratio ( / 
The austenitic radius A r can be calculated by imposing the equilibrium condition at the crack tip, as described in [23] , and, thus, the following relation can be obtained:
Several analysis have been carried out in [23] by considering a central crack with length 2a in an infinite plate subjected to mode I loading conditions. In particular, the effects of the main thermo-mechanical parameters of the alloy, in terms of the transformation strain ( L  r a is observed when increasing the transformation strain and these effects become more evident when reducing the transformation stress. The estimates of the analytical model on crack tip stress-induced transformation have been also compared with experimental literature data in [24] ; these latter have been obtained by synchrotron X-ray microdiffraction experiments of a miniature CT specimen, under opening mode conditions with a constant load P=2860 N and a crack length-to-width ratio / 0.55 a W  [5] . In particular, in Fig. 5 the contours of the austenitic radius, A r , under both plane stress and plane strain conditions, are compared with the microdiffraction patterns. The experimentally observed transformation region is between plane stress and plane strain contours and this is the expected result as X-ray observations represents volume-averaged data along the specimen thickness (i.e. between plane stress at the specimen surfaces and plane strain in the center). Furthermore, the martensitic radius M r is not illustrated as it is about one order of magnitude less than austenitic radius A r and it is not illustrated in the microdiffraction patterns, which show only the region with 30-40% volume fraction of martensite (B19'). The analytical model have been also used to define possible fracture control parameters in SMAs based on the stress equations in both austenitic and martensitic region and on the definition of Stress Intensity Factor in LEFM. In particular, two different SIFs have been defined in [25] : an austenitic SIF, namely IA K , and a martensitic or crack tip SIF, namely IM K . In particular, the austenitic SIF, IA K , can be directly obtained from the modified Irwin's approach described in the previous section, and it can be regarded as the effective SIF Ie K :
with ˆΔ r r r   ; the martensitic SIF, IM K , is given by:
Eq. 12 shows that IM K can be expressed ad a function of IA K ,  and of the Young's modulus ratio . However, it is worth noting that the knowledge of the extent of transformation region, in terms of A r , is required to calculate both IA K and IM K and an iterative approach is required to calculate these parameters as described in [25] . K is a constant depending on the elastic properties of the alloy, as shown in eq. 12. The figure illustrates that both IA K and IM K increase with increasing the transformation strain, and this effect is more evident when decreasing the transformation stress, as a direct consequence of the increase of the transformed region near the crack tip [23] Fig. 6b , illustrates the effects of the testing temperature on both IA K and IM K for a commercial superelastic NiTi alloy. The figure shows that a decrease of both SIFs is observed when increasing the temperature, as a direct consequence of the increase of the transformation stress. In particular, a reduction of about 20% is observed in the temperature range between 273 K and 343 K, which correspond to a range of transformation stress between about 90 MPa and 800 MPa. However, IA K and IM K decrease rapidly from 273 K to 290 K, while a small variation, i.e. of about 2%, is observed when the temperature is above 290 K. This effect is a direct consequence of the increase of the transformation stress with increasing the temperature, which causes a marked reduction of the transformation region, as discussed in [23] , and, consequently, IA K approaches to the applied SIF I K  , i.e. the alloy behaves like a linear elastic material. Furthermore, it is worth noting that the temperature range is limited by a lower bound, min T , which corresponds to a transformation stress equal to zero, and by an upper bound min
, which represents a characteristic maximum temperature for stress induced transformation. The reference model has been recently modified in [26] to overcome one of the basic limitation, i.e. the assumption of constant stress transformation. In fact, it has been demonstrated that the slope of the stress-strain transformation plateau increases under specific loading conditions, such when increasing the loading rate or under cyclic loads [30] . To this aim, the stress-strain response is modeled as a tri-linear material with a generic slope of the transformation plateau. A detailed description of the modified model is out of the scope of the paper, therefore just the main results are reported and discussed here. Figs. 7 illustrate the effects of the slope of the stress-strain transformation curve on the crack tip stress distribution (Fig. 7a) and on the transformation radii (Fig. 7b) stress. The figures clearly illustrate a marked effect of the slope of the transformation plateau on the austenitic radius A r , which represents the outer contour of the transformation region, while a slight effect on the martensitic radius M r is observed. This is expected to play a role on fracture properties of SMAs, as the outer transformation contour defines the fracture process zone and it is used to calculate the effective SIF based on the modified Irwin's correction (Eqs. 4-6). 
EXPERIMENTAL MEASUREMENTS
ome experimental studies have been carried out recently to analyze the fracture response of NiTi pseudoelastic alloys, by using single edge crack specimens obtained from commercial sheets [7, 8] . In particular, the effects of Nd: YAG laser welding process on the fracture properties of a Ni rich Ti alloy have been analyzed in [7] by systematic comparison between base and laser welded materials, while the effects of testing temperature have been studied in [8] . Ni-49.2 at.% Ti pseudoelastic sheets with thickness t=0.75 mm and with a nominal austenite finish temperature A f =-7°C (Type S, Memry, USA) were used. The welding process was carried in open air conditions, by a Nd:YAG laser source (HL 2006 D) with a maximum power of 2kW, and a shielding/clamping system to avoid chemical contamination of the molten zone and the formation of hot cracks [7] . A set of preliminary tests were carried out in order to identify the optimal values of the process parameters, such as average power and welding rate. To this aim, microscopic observations and hardness tests were executed to evaluate the extension of the heat affected zone (HAZ) and molten zone (MZ), obtained by several values of the aforementioned welding parameters. Finally, the following values were chosen: average power of 850 W and welding rate of 2400 mm/min. Fig. 9 illustrates a comparison between the load vs crack mouth opening displacement curves of the reference and laser welded materials, obtained from isothermal tests of SEC specimens, carried out at room temperature. The notch strength was calculated for a comparative analysis between the fracture resistance of the reference and the laser welded materials, according to the standard ASTM E338-91, and no further considerations have been made about the complex fracture mechanisms in SMAs. Three different specimens for each type were tested and the results are illustrated in Tab. 1; this table clearly illustrates that the welded specimens exhibit a reduction in the notch strength of about 15% with respect to the reference specimens. Comparison between the load vs Crack mouth opening displacement curves of the reference and welded specimens [7] . Table 1 : Mechanical strength of the SEC specimens [7] .
The fracture path is almost straight along the symmetry plane of both specimens and it is always located in the heat affected zone (HAZ) of the welded specimens. The fracture surfaces of the SEC specimens were analyzed by SEM investigations as illustrated in Fig. 10 , which shows a comparison of the fracture surface of the reference and welded specimens. The figures indicate a ductile fracture surface in the reference material, with dimple size of about 10-30 m, while a more brittle fracture mechanism is observed in the welded specimen with dimple size of about 5 m. The effects of temperature, within the stress-induced transformation regime, in single edge crack specimens (SEC) have been recently analyzed in [8] , by experimental measurements and analytical studies. Ni-49.2 at.% Ti pseudoelastic sheets with oxide-free surfaces and a thickness of 0.5mm (Type S, Memry, USA) have been used in this investigation. Single edge crack specimens specimen, shown in Fig. 11 , have been made by electro discharge machining (EDM). In particular, Fig. 11 .a shows the dimensions of the specimen, while Fig. 11 .b illustrates a picture of the specimen with highlights of the pre-crack. This latter was made by two subsequent steps: 1) electro discharge machining by using a copper wire (=200 m) with a length of about 3 mm and 2) fatigue pre-crack with a length of about 0.3 mm. Isothermal fracture tests have carried out by applying a monotonic tensile load until fracture under displacement control condition, at a crosshead speed of 0.005 mm s -1 . The tests were carried out at different values of the testing temperature for T>Af (T1=303 K, T2=318 K and T3=343 K) and the load-displacement curves were recorded. Finally, the mode I stress intensity factor was computed, based on LEFM theory, together with modified SIFs for SMAs, based on the reference analytical model [23] . Fig . 12 illustrates the results of isothermal mechanical tests of two SEC specimens in terms applied load, P, and applied mode I stress intensity factor, KI*, as a function of the crosshead displacement, d, of the testing machine. In particular, Fig. 12a has been obtained at the temperature T=303 K while Fig. 12b is relative to the temperature T=343 K. It is worth noting that only specimens with crack length to width ratio a/W between 0.3 and 0.4 have been analyzed and the applied stress intensity factor (KI*) has been calculated by using literature relation for SEC specimens [29] ; as a consequence KI* is based on classical assumptions of linear elastic fracture mechanics and does not take into account the crack tip transformation mechanisms in SMAs. A qualitative comparison between Figs. 12a and 12b shows that higher non-linear effects are observed in the near peak region of the curves when decreasing the testing temperature. This effect has been observed in all SEC specimens and it can be attributed to the decrease of the transformation stresses and, consequently, to the larger size of the crack tip transformation region, when decreasing the testing temperature [23] . An average value of KIC* equal to 33.8 MPa m 1/2 has been obtained in the temperature range between 303 K and 343 K and this result is very close to previous literature results [5] , where a K IC * equal to 34 MPa m 1/2 for a pseudoelastic alloy and 31 MPa m 1/2 for a martensitic alloy have been measured. However, it is worth noting that these results cannot be directly compared as reference data have been obtained by testing miniature compact tension specimens at a fixed temperature T=295 K. On the contrary, the present results have been obtained for different values of the testing temperature, within the stress induced transformation regime of the alloy, which indicate an slight increase of KIC*, with increasing the testing temperature, from about 32 MPa m 1/2 at T=303 K to about 35 MPa m 1/2 at T=343 K. This trend is in agreement with the predictions of the adopted analytical model, which estimate a reduction of both martensitic and austenitic stress intensity factors (KIM and KIA) with increasing the temperature, i.e. it indicates a toughening effect. However, further systematic studies should be carried out for a complete validation of this preliminary result, by analyzing different kind of alloys under different values of the testing temperature.
CONCLUSIONS
bried review of the research activities on fracture mechanics of shape memory alloys (SMAs) carried out in the last few years at the Department of Mechanical Engineering of University of Calabria is illustrated. In particular, integrated approaches involving numerical simulations, analytical modeling and experimental measurements have been adopted with the aim to understand the role of crack-tip stress-induced martensitic transformation on the fracture properties of SMAs. Comparison between numerical, analytical and experimental results have been carried out and good agreements have been observed. In addition, several case studies have been analyzed in order to understand the effects of the thermo-mechanical parameters and of the loading conditions on the fracture properties of SMAs.
